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OBJECTIVE — To test the association of ﬁtness changes over 7 and 20 years on the devel-
opment of diabetes in middle age.
RESEARCH DESIGN AND METHODS — Fitness was determined based on the dura-
tionofamaximalgradedexercisetreadmilltest(Balkeprotocol)atuptothreeexaminationsover
20 years from 3,989 black and white men and women from the Coronary Artery Risk Develop-
ment in Young Adults study. Relative ﬁtness change (percent) was calculated as the difference
between baseline and follow-up treadmill duration/baseline treadmill duration. Diabetes was
identiﬁed as fasting glucose 126 mg/dl, postload glucose 200 mg/dl, or use of diabetes
medications.
RESULTS — Diabetes developed at a rate of 4 per 1,000 person-years in women (n  149)
andmen(n122),andlowerbaselineﬁtnesswasassociatedwithahigherincidenceofdiabetes
in all race-sex groups (hazard ratios [HRs] from 1.8 to 2.3). On average, ﬁtness declined 7.6% in
women and 9.2% in men over 7 years. The likelihood of developing diabetes increased per SD
decrease (19%) from the 7-year population mean change (8.3%) in women (HR 1.22 [95% CI
1.09–1.39])andmen(1.45[1.20–1.75])afteradjustmentforage,race,smoking,familyhistory
of diabetes, baseline ﬁtness, BMI, and fasting glucose. Participants who developed diabetes over
20 years experienced signiﬁcantly larger declines in relative ﬁtness over 20 years versus those
who did not.
CONCLUSIONS — Low ﬁtness is signiﬁcantly associated with diabetes incidence and ex-
plained in large part by the relationship between ﬁtness and BMI.
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andomized trials and other short-
term clinical studies demonstrate
that increased physical activity is
accompanied by decreases in glucose and
insulinandaloweredriskofdevelopment
of type 2 diabetes (1–7). Although ﬁtness
normally declines with age (8), there is
marked variation in the degree of decline
as determined by physical activity behav-
iors,bodycomposition,andotherclinical
characteristics (9,10). Few longitudinal
studies of healthy adults have included
multiple measures of objectively deter-
mined ﬁtness over an extended period of
time. In an earlier study, we reported that
stable or improved ﬁtness over 7 years
was associated with a lower likelihood of
development of diabetes compared with
decreasing ﬁtness in middle-aged young
adults (11). To date, no studies have in-
vestigated whether changes in ﬁtness that
correspond with the long latency period
for the development of diabetes are asso-
ciated with incident diabetes in healthy
young to middle-aged adults. We built
upon our previous analysis to test the hy-
potheses that baseline ﬁtness and the rel-
ative changes in ﬁtness over 7 years are
inversely associated with the develop-
ment of diabetes over 20 years. Because
physical functioning, including ﬁtness, is
known to decline in the presence of
chronic diseases and obesity (10), we also
tested whether participants who devel-
opeddiabetesoverfollow-upexperienced
greater declines in ﬁtness over 20 years
compared with participants who re-
mained free of diabetes.
RESEARCH DESIGN AND
METHODS— The Coronary Artery
Risk Development in Young Adults
(CARDIA) study is a longitudinal study
oflifestyleandtheevolutionofcardiovas-
cular disease risk factors over time in
5,115 adults initially aged 18–30 years in
1985–1986. A stratiﬁed sample of black
and white men and women were ran-
domly recruited from census tracks in
Minneapolis, Minnesota, and Chicago,
Illinois; by telephone exchanges within
the Birmingham, Alabama, city limit; and
from participant lists of a large health
maintenance organization in Oakland,
California (12). Participant recruitment
was balanced by age, race, sex, and edu-
cation level. Participants were reexam-
ined 2, 5, 7, 10, 15, and 20 years after
baseline.Retentionratesdeclinedfrom90
to 72% across examinations. Details of
study recruitment and design have been
published (12,13). All participants pro-
vided written informed consent, and in-
stitutional review boards from each ﬁeld
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proved the study annually.
Participants who had diabetes at
baseline, who did not have valid ﬁtness
test data, or who did not attend at least
one follow-up examination were ex-
cluded. Our sample sizes for analyses of
baseline ﬁtness, 7-year changes, and 20-
year changes included 3,989, 1,808, and
2,231 participants, respectively. Our
sample size at year 7 was smaller because
participants from Minnesota were deter-
mined to have violated the exercise test
protocol at year 7 by holding on to the
handrails, leading to artiﬁcially elevated
treadmill test times, so all data from that
ﬁeld center were excluded (14).
Measurements
Standardizedprotocolsfordatacollection
wereusedacrossstudycentersandexam-
inations. Participants were asked to fast
foratleast12hbeforeexaminationandto
avoidsmokingorengaginginheavyphys-
ical activity for at least 2 h before the
examination.
Fitness assessment
Eligible participants underwent symp-
tom-limited maximal graded exercise
treadmill testing according to a modiﬁed
protocol by Balke (15) at the baseline,
7-year, and 20-year follow-up examina-
tions (16). Participants were eligible for
graded exercise treadmill testing if they
had no history of ischemic or congenital
heartdisease,werenotusingcardiovascu-
lar medications other than antihyperten-
sive drugs, had blood pressure 160/90
mmHg, and had no concurrent febrile ill-
ness. Every 2 min for up to 18 min, the
speed or grade of the treadmill increased
to a maximum speed of 5.6 miles/h and a
25% grade (16). Participants were en-
couraged to exercise to maximal exertion.
Heart rate and blood pressure were mea-
sured at the end of each stage and once a
minute for 3 min after cessation of the
test.Exercisetestdataweredeterminedto
be valid if participants achieved 85% of
their age-predicted maximum heart rate
determined using the Tanaka formula
(208 – 0.7  age) (17). At baseline, year
7, and year 20, 81, 93, and 79% of exam-
inees, respectively, achieved 85% of their
age-predicted maximum. Cardiorespira-
tory ﬁtness was determined based on the
duration that participants were able to
walk or run on the treadmill. We calcu-
lated the relative ﬁtness change as the dif-
ference between ﬁtness measured at
baseline and follow-up (examination year
7 or 20) divided by baseline ﬁtness. We
studied the association between diabetes
and relative ﬁtness change per SD change
from the sample mean.
Diabetes assessment
Blood was drawn and processed at the
central laboratory according to standard
procedures (13). Glucose was assayed us-
ing the hexokinase method. Diabetes was
determined based on a combination of
measured fasting glucose levels (7.0
mmol/l)atexaminationyears7,10,15,or
20; self-report of oral hypoglycemic med-
ications or insulin (all examinations); or a
2-hpostloadglucose11.1mmol/latex-
aminationyears10and20.Theincidence
of diabetes over 20 years was determined
among participants who did not have di-
abetesatbaselinebasedonfastingglucose
levels. The 13-year incidence of diabetes
was determined among participants who
did not have prevalent diabetes through
the year 7 follow-up examinations, but
who developed diabetes at examination
years 10, 15, or 20. Follow-up time was
calculated from the baseline examination
until diabetes was identiﬁed or until the
last examination, whichever came ﬁrst.
Other measurements
Age, race, education, cigarette smoking
status, and medication use were ascer-
tained by interview at all examinations.
Height, weight, and waist circumference
were measured, and BMI was calculated
(weight in kilograms divided by the
square of height in meters). Self-reported
physical activity was assessed by a vali-
dated interview-administered question-
naire (18). The average of the last two
seated resting (at least 5 min) blood pres-
sure measurements was used to deter-
minesystolicanddiastolicbloodpressure
(13). Fasting insulin was analyzed with a
radioimmunoassay technique that used
an overnight equilibrium incubation
(17,18).
Statistical analysis
All analyses were stratiﬁed by sex. Before
modeling, we tested and conﬁrmed that
the proportional hazards assumption was
valid using time  ﬁtness interaction
terms (P  0.05). Next, we evaluated the
presence of effect modiﬁcation by race,
obesity, and impaired fasting glucose at
baseline status using multiplicative inter-
action terms in a Cox proportional haz-
ards model. Because the interaction
between race and baseline ﬁtness in men
wasstatisticallysigniﬁcant(P0.05),we
calculated race- and sex-speciﬁc hazard
ratios (HRs) and 95% CIs for the associa-
tion between baseline ﬁtness (per 2-min
decrement) and the 20-year incidence of
diabetes.Nointeractionsbyracewereob-
served for analyses of the 7- or 20-year
changes in ﬁtness, so analyses are pooled
by race. To compare the relative strength
of association of each covariate with inci-
dent diabetes, we calculated HRs for each
continuously measured covariate per SD
of change from the mean value (i.e., stan-
dardized coefﬁcients). We used ANOVA
modeling to test whether the mean rela-
tive change in ﬁtness between baseline
andexaminationyear20differedbetween
participants who developed incident dia-
betes over follow-up and those who did
not. After testing the univariate associa-
tionbetweenincidentdiabetesandﬁtness
change, we statistically adjusted for age
and baseline measures of BMI, treadmill
duration, smoking status, and physical
activity participation. Statistical signiﬁ-
cance was determined as P  0.05. All
analyses were conducted using the SAS
system (SAS Institute, Cary, NC).
RESULTS— Baselinecharacteristicsof
the analysis sample stratiﬁed by sex have
been reported previously (11). In brief,
women and men in the cohort were
24.9 years old at baseline. Baseline
treadmill test duration was highest in
white men (12.5  2.7 min) followed by
black men (11.8  2.9 min), white
women (9.5  2.9 min), and black
women (7.5  2.3 min). On average,
black women were overweight (BMI 25.5
kg/m
2), whereas black men, white men,
andwhitewomenhadBMIsof24.6,24.3,
and 23 kg/m
2, respectively. White and
black men had the highest levels of base-
line fasting glucose (4.7 and 4.6 mmol/l,
respectively) followed by white women
(4.5 mmol/l) and black women (4.4
mmol/l).
Over 20 years, the rate of diabetes
(per 1,000 person-years) was higher in
black women (5.8) and men (4.7) than in
white men (3.4) and women (2.5). Base-
lineﬁtness(per2-mindecrement)wasin-
verselyassociatedwithdiabetesincidence
in all race-sex groups after adjustment for
age, smoking, family history of diabetes,
and baseline fasting glucose (Table 1).
With the exception of white men, tread-
mill duration at baseline was not associ-
ated with the incidence of diabetes after
adjustmentforbaselineBMI.Heterogene-
ity by race among men (
2  17.9, P 
0.001) was most evident after statistical
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hazard ratio for ﬁtness attenuated and the
direction of association changed. Find-
ings were similar when we adjusted for
waist circumference instead of BMI or
when we used BMI values at the time of
diabetes identiﬁcation or last follow-up
visit. Neither the magnitude nor the di-
rection of association between ﬁtness and
incident diabetes changed when we re-
stricted analyses to the 98% of partici-
pants who had normal fasting glucose at
baseline.
Baseline obesity did not modify the
association between ﬁtness and incident
diabetes in white participants, whereas it
was a signiﬁcant effect modiﬁer in black
men and a borderline modiﬁer in black
women. There were 40 cases of diabetes
in 725 black men who were not obese at
baseline and 21 cases in 81 black men
who were obese at baseline. Fitness per
2.7-min duration decrement was not as-
sociatedwiththedevelopmentofdiabetes
in either nonobese (HR 0.98 [95% CI
0.57–1.70]) or obese (0.60 [0.24–1.49])
black men, although the interaction term
wasstatisticallysigniﬁcant(
2interaction
11.5, P  0.01). In contrast, lower ﬁtness
(per 2 min) was only associated with in-
cident diabetes (n  57) in 823 black
women who were not obese at baseline
(1.92 [1.09–3.39]). There was no associ-
ation between ﬁtness and incident diabe-
tes (n  41) in 190 black women who
were obese at baseline (0.92 [0.43–1.96];

2 interaction  3.2, P  0.08).
Over 7 years, treadmill duration de-
clined from an average of 8.8 to 8.1 min in
women (relative change 7.6  21%) and
from 12.3 to 11.1 min (relative change
9.2  16) in men. Baseline treadmill du-
ration was modestly, but signiﬁcantly (P 
0.001), correlated with the relative 7-year
change in duration in women (r  0.16)
andmen(r0.21).Theadjustedhazard
of developing diabetes was 50% higher in
womenanddoubleinmenper19%decline
in relative treadmill duration over 7 years
(Table2).Baselinetreadmilldurationwasat
least as strong a predictor of incident dia-
betes as change in duration. The addi-
tion of baseline BMI to the models
had little additional inﬂuence on the
estimates.
Treadmill duration declined 27.5 
19.9 and 27.3  17.5% over 20 years in
women and men, respectively. Baseline
ﬁtness was correlated with relative
changes in ﬁtness over 20 years in men
(r  0.14, P  0.0001) but not women
(r  0.03, P  0.31). At the 20-year
follow-up examination, the incidence of
diabetes was 7.2% (n  89) in women
and 7.3% (n  73) in men. In unadjusted
models, women who developed diabetes
during follow up experienced larger (P 
0.01) declines in ﬁtness (34.9%) than
womenwhodidnot(27.0%).Similarly,
men who developed diabetes also experi-
enced a signiﬁcantly (P  0.01) greater
decline in ﬁtness (37.9%) than men
who did not (26.5%). After adjustment
for age, race, smoking status, baseline
physical activity, BMI, and treadmill test
duration, ﬁndings were similar and re-
mained statistically signiﬁcant (Fig. 1).
CONCLUSIONS — A single measure
of cardiorespiratory ﬁtness in young
adulthood and changes in ﬁtness over 7
years were each signiﬁcantly inversely as-
sociatedwiththedevelopmentofdiabetes
over 20 years, an observation that was
largely accounted for by baseline BMI.
Participants who developed diabetes over
20 years experienced greater declines in
ﬁtness than their counterparts who re-
mained free of diabetes. Sex is an estab-
lished determinant of ﬁtness; however,
we report with few exceptions that the
magnitude of association between ﬁtness
and diabetes incidence is similar for
women and men.
Our ﬁndings were consistent with
those of other observational studies re-
porting inverse associations of ﬁtness
with incident diabetes (11,19–22).
Mechanismsbywhichﬁtnessmayprotect
against diabetes development include
weightloss,improvedmuscleinsulinsen-
sitivity, improved endothelial function
and autonomic function, and reduced in-
ﬂammation and oxidative stress (19,23).
Most likely, these related factors are
highly correlated with each other and
with adiposity and combine to lower dia-
betes risk in the presence of increased ac-
tivity or improved ﬁtness.
We observed a marked attenuation in
the association of ﬁtness with diabetes in-
Table 1—Association of baseline ﬁtness and other covariates with the development of incident diabetes over 20 years by race-sex group
White men Black men White women Black women
n 1,026 806 1,119 1,035
Model 1
Treadmill test duration (per 2.7 min) 3.36 (2.44–4.63) 1.80 (1.26–2.58) 3.15 (2.03–4.87) 2.03 (1.41–2.91)
Age (per 3.6 years) 1.43 (1.04–1.95) 0.95 (0.73–1.24) 0.93 (0.69–1.25) 0.99 (0.80–1.21)
Ever vs. never smoked 0.88 (0.51–1.51) 1.41 (0.83–2.41) 1.04 (0.58–1.87) 1.87 (1.23–2.87)
Family history of diabetes (yes vs. no) 1.38 (0.66–2.89) 1.93 (1.03–3.62) 3.20 (1.68–6.07) 2.33 (1.49–3.64)
Physical activity (per 299 EU) 0.95 (0.69–1.30) 0.98 (0.78–1.24) 1.13 (0.78–1.65) 1.05 (0.80–1.39)
Baseline fasting glucose (per 0.45 mmol/l) 1.56 (1.20–2.03) 1.52 (1.18–1.95) 1.33 (1.01–1.75) 1.96 (1.62–2.37)
Model 2
Treadmill test duration (per 2.7 min) 2.30 (1.52–3.48) 0.79 (0.51–1.25) 1.57 (0.92–2.67) 1.48 (0.95–2.31)
Age (per 3.6 years) 1.34 (0.97–1.86) 0.83 (0.63–1.09) 0.88 (0.65–1.20) 0.97 (0.79–1.19)
Ever vs. never smoked 0.96 (0.55–1.66) 1.84 (1.05–3.22) 0.99 (0.54–1.80) 1.87 (1.22–2.88)
Family history of diabetes (yes vs. no) 1.26 (0.59–2.70) 2.15 (1.12–4.14) 3.12 (1.62–6.01) 2.20 (1.42–3.47)
Physical activity (per 299 EU) 0.87 (0.62–1.20) 0.92 (0.72–1.17) 1.06 (0.71–1.57) 1.01 (0.76–1.34)
Baseline fasting glucose (per 0.45 mmol/l) 1.39 (1.06–1.84) 1.50 (1.15–1.97) 1.20 (0.89–1.60) 1.88 (1.55–2.29)
Baseline BMI (per 4.7 kg/m
2) 1.79 (1.31–2.45) 2.51 (1.83–3.44) 1.81 (1.38–2.38) 1.23 (1.03–1.47)
Data are HRs (95% CI). All continuously measured covariates (i.e., treadmill duration, age, physical activity, fasting glucose, and BMI) are presented per SD change
fromthemean.Pvaluesforraceinteractionusingmodel2:inmen,blackvs.white
217.9,P0.001;inwomen,blackvs.white
22.31,P0.13.EU,exercise
units (100 EU is roughly equivalent to participant in a vigorous activity, 2 or 3 h/week for 6 months of the year (18).
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BMI or waist circumference at the time of
the ﬁtness measurement. When the rela-
tive strength of association of baseline
BMIandfastingglucosearecomparedus-
ing standardized coefﬁcients, baseline
BMI appears relatively more strongly as-
sociated with the incidence of diabetes
than baseline fasting glucose or baseline
ﬁtness (in black men and white women).
Despite similar baseline BMI between
black and white men, BMI was more
strongly associated with the development
of diabetes in black men as evidenced by
attenuation and a reversal in the direction
oftheeffectestimateonceBMIisincluded
in the model.
Previous ﬁndings in this cohort sug-
gested that the association of ﬁtness with
diabetes incidence was only present
among participants who were not obese
(BMI 30 kg/m
2) at baseline (11). In the
present study, which includes longer fol-
low-up time and stratiﬁcation by sex and
race,weobservedthispatternonlyamong
black women in the cohort. These ﬁnd-
ingssuggestthatthemechanismbywhich
ﬁtness decreases risk for diabetes is
through the regulation of body mass.
Fitnessisexpectedtodeclinewithag-
ing (8,20); however, there was a marked
variation in ﬁtness change in our sample
as evidenced by the large SD. It was not
surprising that marked declines in ﬁtness
were associated with a greater incidence
of diabetes. Although we did not test the
hypothesis that maintaining or increasing
physical activity to sustain or improve ﬁt-
nesscouldpreventsomeproportionofin-
cident diabetes, evidence from clinical
trials including the Diabetes Prevention
Program suggests that this effect is plau-
sible (1,3).
The inﬂuence of ﬁtness on diabetes
risk was similar by sex. Our ﬁnding of no
interaction by sex is noteworthy because
ﬁtness is lower in women than in men.
Although some proportion of ﬁtness is
due to biological and structural differ-
ences between sexes, physical activity be-
haviors are the principal modiﬁable
determinate of ﬁtness. National reports
and ﬁndings in the CARDIA study indi-
cate that women are less physically active
than men (21,22). Consequently, a sub-
stantial number of women are not achiev-
ing their sex-based potential for ﬁtness
and according to our ﬁndings could be at
risk for developing diabetes.
Strengths and limitations
Strengths of our study include extended
follow-up, diabetes determination based
on measured glucose, a study sample bal-
anced by race and sex, and most impor-
tantly, the use of objective measures of
ﬁtnessatmultipletimepoints.Fitnessisa
physiological state that reﬂects a combi-
nation of factors including physical activ-
ity, genetics, body composition, and
other physical factors. By studying ﬁtness
in relation to diabetes incidence, we in-
creased the precision of our primary ex-
posure measure and reduced the error
associated with measuring physical activ-
ity using recall methods. Our study rep-
resents the longest observational study of
a population-based sample of adults who
have objective measures of both ﬁtness
and diabetes incidence.
Despite the availability of diet history
dataatthreetimepointsduringthestudy,
we did not incorporate estimates into our
study because of its complex association
with activity levels and body composi-
tion.Instead,wechosetofocusonﬁtness,
Figure 1—Mean (95% CI) changes in relative ﬁtness over 20 years by incident diabetes (1985/
1986–2005/2006), adjusted for age, race, baseline smoking status, BMI, physical activity, and
treadmill test time.
Table 2—Incidence of diabetes from 1992–1993 through 2005–2006 by 7-year relative
declines in ﬁtness by sex
Women Men
n 948 860
Model 1
7-year change in treadmill test duration
(per 19%*) 1.51 (1.19–1.92) 2.02 (1.46–2.79)
Baseline ﬁtness (per 4.3 min) 2.56 (1.69–4.00) 2.86 (1.89–4.35)
Age (per 3.6 years) 0.87 (0.67–1.12) 0.98 (0.72–1.34)
Race (black vs. white) 1.32 (0.71–2.46) 0.79 (0.42–1.46)
Ever vs. never smoked 1.43 (0.82–2.50) 1.47 (0.80–2.69)
Family history of diabetes (yes vs. no) 1.89 (1.06–3.38) 1.64 (0.73–3.68)
Baseline fasting glucose (per 0.46 mmol/l) 1.64 (1.31–2.06) 1.17 (0.88–1.56)
Model 2
7-year change in treadmill test duration
(per 19%*) 1.46 (1.15–1.85) 2.03 (1.43–2.87)
Baseline ﬁtness (per 4.3 min) 1.89 (1.14–3.11) 2.01 (1.24–3.25)
Age (per 3.6 years) 0.85 (0.65–1.10) 0.90 (0.66–1.24)
Race (black vs. white) 1.39 (0.74–2.60) 0.69 (0.37–1.31)
Ever vs. never smoked 1.44 (0.82–2.52) 1.72 (0.93–3.19)
Family history of diabetes (yes vs. no) 1.87 (1.05–3.35) 1.69 (0.74–3.86)
Baseline fasting glucose (per 0.46 mmol/l) 1.59 (1.26–2.01) 1.11 (0.83–1.48)
Baseline BMI (per 4.7 kg/m
2) 1.27 (1.02–1.58) 1.77 (1.28–2.46)
Data are HRs (95% CI). Model 1 adjusts for age, race, smoking, family history of diabetes, and baseline
treadmill duration. Model 2 adjusts for model 1 	 baseline BMI. *Relative change per SD from the popu-
lation mean (8.3%).
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and validity than self-reported diet or
physical activity levels. Finally, although
we statistically adjusted for BMI or waist
circumference (in our secondary analy-
ses)inanattempttoteaseaparttheroleof
ﬁtness versus body composition on dia-
betes incidence, BMI is not a direct mea-
sure of adiposity or lean mass. Further,
the ability of BMI to accurately estimate
fat mass may vary by age, sex, and race
group (24). Prior studies in this cohort
demonstratedthatthepercentageofbody
fat that is metabolically active visceral fat
is lower in black men than in white men
even when corrected for total body fat-
ness, whereas differences among black
and white women were eliminated after
adjustment for total body fatness (25).
Consequently, our ﬁndings, particularly
those stratiﬁed by race and sex should be
carefully considered before and after ad-
justment for BMI.
Implications
Regular physical activity to improve and
maintain cardiorespiratory ﬁtness is an
important component of a healthy life-
style.Unfortunately,nationalstatisticsin-
dicate that physical activity levels decline
with age and are lower in women than in
men (21). One consequence is that older
adults and women are at risk for having
lower ﬁtness and have an increased risk
fordevelopingdiabetes.Bydescribingthe
association of changes in ﬁtness over time
withthelong-termdevelopmentofdiabe-
tes,wehaveidentiﬁedoneriskfactorthat,
if modiﬁed, could lower the incidence of
diabetes in the population.
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